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Summary
Many signal transduction networks control their output by switching regulatory elements on or
off. To synchronize biological response with environmental stimulus, switching kinetics must be
faster than changes in input. Two-component regulatory systems (used for signal transduction by
bacteria, archaea, and eukaryotes) switch via phosphorylation or dephosphorylation of the receiver
domain in response regulator proteins. Although receiver domains share conserved active site
residues and similar three-dimensional structures, rates of self-catalyzed dephosphorylation span a
≥40,000-fold range in response regulators that control diverse biological processes. For example,
autodephosphorylation of the chemotaxis response regulator CheY is 640-fold faster than Spo0F,
which controls sporulation. Here we demonstrate that substitutions at two variable active site
positions decreased CheY autodephosphorylation up to 40-fold and increased the Spo0F rate up to
110-fold. Particular amino acids had qualitatively similar effects in different response regulators.
However, mutant proteins matched to other response regulators at the two key variable positions
did not always exhibit similar autodephosphorylation kinetics. Therefore, unknown factors also
influence absolute rates. Understanding the effects that particular active site amino acid
compositions have on autodephosphorylation rate may allow manipulation of phosphoryl group
stability for useful purposes, as well as prediction of signal transduction kinetics from amino acid
sequence.
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Introduction
Microorganisms from all three domains of life (Archaea, Bacteria, Eukarya), as well as
some plant species, use two-component regulatory systems to accomplish signal
transduction and control diverse processes such as behavior, development, pathogenesis, or
physiology (Ashby, 2004; Catlett et al., 2003). In a typical two-component system
[reviewed in (Stock et al., 2000)], a sensor kinase detects environmental input and
represents this information by covalent attachment of a phosphoryl group to a cytoplasmic
domain of the kinase. The phosphoryl group is then transferred to the receiver domain of a
response regulator, where the presence or absence of a phosphoryl group is associated with a
conformational change that modulates activity of a neighboring output domain. The receiver
domain active site is composed of five conserved amino acids (Lee et al., 2001; Stock et al.,
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2000) (Fig. 1). In the Escherichia coli CheY receiver domain, Asp12, Asp13, and Asp57
bind a divalent cation that is required for phosphorylation and dephosphorylation (Lukat et
al., 1990; Stock et al., 1993), Asp57 is the site of phosphorylation (Sanders et al., 1989), and
Thr87 (Appleby and Bourret, 1998) and Lys109 (Lukat et al., 1991) participate in the
phosphorylation-mediated conformational change by coordinating (along with the metal ion)
the three phosphoryl group oxygens (Lee et al., 2001).
Signal transduction networks, regardless of molecular mechanism, often share several
functional features (Downward, 2001). One common component is a molecule that acts a
binary switch. Switches are logically simple, but can be organized into circuits that yield
complex outputs. In order to synchronize responses with stimuli, a switch element must be
able to cycle between inactive and active states faster than the environment changes. Thus,
the biochemical kinetics of information processing are related to the timescales of
environmental stimulus and biological response. Response regulators are the switch
elements of two-component regulatory systems. The fraction of the response regulator
population that is phosphorylated at any given time is determined by the balance between
the rates of phosphoryl group addition and removal. Response regulators obtain phosphoryl
groups from sensor kinases as outlined above or by autophosphorylation (Lukat et al.,
1992). Response regulators lose phosphoryl groups through self-catalyzed
dephosphorylation (Hess et al., 1988) and, in some cases, reverse phosphotransfer
(Georgellis et al., 1998; Sourjik and Schmitt, 1998) or via phosphatases (Perego, 2001;
Pioszak and Ninfa, 2004; Szurmant et al., 2004; Zhao et al., 2002).
Successful signal transduction mechanisms are used repeatedly in nature for various
purposes. For example, a single bacterial cell may have >100 different two-component
regulatory systems simultaneously conducting distinct tasks in parallel (Goldman et al.,
2006). In turn, biological processes regulated by analogous signaling mechanisms may
operate on dramatically different timescales, with corresponding differences in the rates of
signaling reactions. For example, autodephosphophorylation rate constants for different
response regulators span a range of at least 40,000-fold (Table 1). Proteins involved in
chemotaxis, which depends on split-second changes in behavior (Segall et al., 1982),
predominate at the fast end of the scale, whereas response regulators that control
transcription are found at the slow end. In some signaling pathways, phosphatases are
responsible for the majority of response regulator dephosphorylation. Nevertheless, factors
that influence the autocatalytic reaction are likely to be physiologically relevant because the
phosphatases apparently stimulate the intrinsic response regulator autodephosphorylation
reaction rather than utilize an entirely different mechanism (Pioszak and Ninfa, 2004; Zhao
et al., 2002). Furthermore, the available data indicate that the magnitude of response
regulator dephosphorylation rate stimulation by phosphatases [∼101-102-fold (Keener and
Kustu, 1988; Silversmith et al., 2008; Zhu and Inouye, 2002)] may be modest relative to the
overall 104-105-fold range of autodephosphorylation rates. Therefore, even in regulatory
circuits where autodephosphorylation is not the primary route of phosphoryl group removal
from response regulators, autodephosphorylation appears important to set a baseline rate
near the physiological timescale of a particular system. How can different receiver domains,
which share a common three-dimensional structure, conserved active site residues, and
phosphoryl group reaction chemistry, catalyze autodephosphorylation at such dramatically
different rates? In this study, we tested the hypothesis that variable active site residues,
which differ between response regulators, contribute to the observed range of more than four
orders of magnitude in autodephosphorylation rates.
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Variable active site residues may influence autodephosphorylation rate
Active site residues that may affect phosphoryl group stability were identified through a
combination of receiver domain structural information and published autodephosphorylation
rate data. Residues close to the phosphoryl group could impact autodephosphorylation rate
by influencing the energy of the transition or ground states or altering the approach of the
attacking water molecule. Using the CheY·BeF3- crystal structure (Lee et al., 2001) as a
model, six candidate variable surface residues [positions 14, 17, 58, 59, 88 and 89] were
identified within 10 Å of the phosphoryl group analog BeF3- (Fig. 1). Amongst 32 response
regulators with reported autodephosphorylation rates, we then looked for a possible
correlation between rate and amino acid identity at each of the six variable active site
positions (Table 1). (Note that E. coli CheY numbering is used to indicate corresponding
positions for each response regulator). Positions ‘17’ and ‘58’ were assumed not to
contribute significantly to the observed differences in rate because at each of these positions
similar residues were found in response regulators throughout the entire range of observed
rates. For example, at both positions ‘17’ and ‘58’, Ile was found in response regulators with
fast, intermediate, or slow autodephosphorylation rates. In contrast, positions ‘14’, ‘59’,
‘88’, and ‘89’ showed an apparent nonrandom distribution of residues between response
regulators with fast autodephosphorylation rates compared to those with slow rates. For
example, the amino acids at position ‘89’ were often negatively charged in response
regulators with faster rates and positively charged in those with slower rates (Table 1).
Single substitutions at positions ‘59’ or ‘89’ generally had modest effects on
autodephosphorylation rate
The literature data are consistent with the hypothesis that variable active site residues ‘14’,
‘59’, ‘88’, and ‘89’ affect response regulator autodephosphorylation rate. To test if the
observed relationships were actually causal, we made amino acid substitutions at positions
‘14’, ‘59’, and ‘89’ in two different response regulators and then measured the loss of 32P-
labelled phosphoryl groups from the mutant proteins as a function of time. E. coli CheY and
Bacillus subtilis Spo0F were chosen for analysis because (i) the wildtype
autodephosphorylation rates are very different (Fig. 2, column 1), (ii) both response
regulators consist of a receiver domain alone, with no output domain, and (iii) the respective
CheA and KinA kinases do not possess phosphatase activity (Hess et al., 1988;Wang et al.,
2001a). Each of the listed characteristics simplifies interpretation of results. We did not
investigate position ‘88’ in this study, because position ‘88’ is an Ala in both CheY and
Spo0F and therefore is unlikely to contribute to the 640-fold difference in
autodephosphorylation rates observed between these two response regulators. Omitting
position ‘88’ also reduced the combinatorial complexity of mutants to be analyzed. To
determine if the autodephosphorylation rate of one response regulator can easily be
converted to that of another simply by matching a few key amino acids, most substitutions
were chosen to reflect amino acids present at positions ‘14’, ‘59’, and ‘89’ in response
regulators representing a range of autodephosphorylation rates. Nineteen CheY and 12
Spo0F mutant proteins were assayed in addition to the wildtype versions.
Ala or Arg substitutions at position 59 previously were found to have no discernable impact
on CheY autodephosphorylation rate (Silversmith et al., 2001). Similarly, five additional
CheY single substitutions at position 59 had only modest (≤ two-fold) effects on rate (Table
2; Fig. 2, column 2). The negatively charged Asp substitution is noteworthy. The fastest
reported response regulator autodephosphorylation rate constant that we are aware of is 20
min-1 in Rhodobacter sphaeroides CheY6, which contains a negatively charged Glu at
position ‘59’ (Porter and Armitage, 2002). However, faster rates are conceivable. The
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haloacid dehalogenase (HAD) superfamily of enzymes shares some structural features with
receiver domains, including an analogous set of conserved active site residues and, in many
cases, an aspartyl-phosphate intermediate (Burroughs et al., 2006; Wang et al., 2001b).
Furthermore, HAD enzymes usually contain an Asp at position ‘59’. In the HAD enzyme
phosphoserine phosphatase, crystallographic evidence suggests that Asp‘59’ acts as a
general base to activate the attacking water molecule, with the consequence that aspartyl-
phosphate hydrolysis occurs at a rate of 840 min-1 (Cho et al., 2001; Wang et al., 2002).
Nucleophilic attack by a water molecule is also the likely mechanism of
autodephosphorylation in response regulators (Stock et al., 1993; Wolanin et al., 2003). We
therefore tested the effect of replacing Asn59 with Asp on the autophosphatase activity of
CheY, but this substitution resulted in only a two-fold rate increase (Table 2).
In contrast to CheY, two substitutions in Spo0F at position ‘59’ (‘59’KE or ‘59’KN) resulted
in substantial changes in rate, 62 and 24 times faster than wildtype, respectively (Table 3).
Zapf et al. (Zapf et al., 1998) previously reported a similar result for Spo0F ‘59’KN. A
potential explanation could be that the positively charged Lys might stabilize the phosphoryl
group against removal. However, neither replacement of Spo0F Lys‘59’ with Ala or Met
(Zapf et al., 1998) nor introduction of Lys59 into CheY (Table 2) affected phosphoryl group
stability.
The single substitutions made at position ‘89’ had moderate (≤ 10-fold) impact on the
autodephosphorylation rates of CheY and Spo0F (Tables 2 and 3; Fig. 2, column 3). Ala or
Gln substitutions at position 89 of CheY (Silversmith et al., 2003) and an Ala substitution at
position ‘89’ of Spo0F (Tzeng and Hoch, 1997) also were previously found to have little
effect.
Double substitutions at positions ‘59’ and ‘89’ significantly changed
autodephosphorylation rates
Simultaneous substitutions at both positions 59 and 89 in CheY had a statistically significant
(P < 0.05) greater effect on autodephosphorylation rates than changing a single position
alone. A paired t test of the rates exhibited by CheY mutants with double vs. the constituent
single substitutions gave P values of 0.0002 and 0.049 for positions 59 and 89, respectively.
Three combinations of residues at positions 59 and 89 each changed the rate more than 25-
fold (Table 2). The CheY 59NK-89EY mutant protein (a mimic of Spo0F) exhibited the
largest change, a 40-fold decrease in rate from wildtype. Spo0F double substitutions at
positions ‘59’ and ‘89’ also showed significant differences in rates compared to the
corresponding single substitutions alone (P values of 0.03 and 0.01 for positions ‘59’ and
‘89’, respectively, paired t test). The Spo0F mutant proteins ‘59’KN-‘89’YE (a mimic of
CheY) and ‘59’KE-‘89’YL (a mimic of CheB) both had rates 110 times faster than that of
wildtype Spo0F (Table 3). Thus, simply by incorporating the residues at ‘59’ and ‘89’ of
CheY into Spo0F or vice versa, the autodephosphorylation rates of the mutant proteins
approached the reaction rates of the mimicked proteins. Wildtype CheY
autodephosphorylates 640 times faster than wildtype Spo0F, whereas the CheY 59NK-89EY
(Spo0F mimic) rate was only 16 times faster than Spo0F (Tables 2 and 3). Similarly,
wildtype Spo0F autodephosphorylates 250 to 1,000 times slower than wildtype CheY
proteins from various species that contain Asn at position ‘59’ and Glu at position ‘89’
(Table 1), but the Spo0F ‘59’KN-‘89’YE (CheY mimic) rate was only two to 10 times
slower than that of the CheY proteins.
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CheY positions 59 and 89 influence each other, whereas Spo0F positions ‘59’ and ‘89’ do
not
To further understand the relationship between autodephosphorylation rate and the
combinations of residues at positions ‘59’ and‘89’, we mathematically analyzed the
contributions of individual positions to the reaction rate using double mutant cycles. If
substitutions are made at two independent positions that do not interact either directly or
indirectly, then the sum of the changes in activation energies of each single substitution
(ΔΔG‡1+ΔΔG‡2) will equal the change in activation energy of the double substitution
(ΔΔG‡1+2) (Mildvan et al., 1992; Mildvan, 2004; Wells, 1990). Significant deviation from
the sum (non-additive effect) implies that one residue influences the contribution of the
other residue to the reaction. Because ΔG‡ is directly proportional to the logarithm of the
rate constant, the logarithm of the ratios of mutant and wildtype kdephos values can be used
as a measure of ΔΔG‡. All four sets of Spo0F mutants showed modest differences between
the actual (double mutant) and expected (sum of single mutants) values, suggesting little or
no interactive effects, whereas four out of five sets of CheY mutants exhibited larger
differences indicative of mutual influences between residues 59 and 89 (Table 4).
Position ‘14’ had little effect on autodephosphorylation rate
In the initial review of published data (Table 1), the amino acids at position ‘14’ appeared to
correlate with autodephosphorylation rate. However, substitutions at position ‘14’ in CheY
or Spo0F had less than a two-fold effect on autodephosphorylation rate when compared to
CheY or Spo0F proteins with matched residues at positions ‘59’ and ‘89’ (Tables 2 and 3,
Table S1).
Discussion
Variable active site positions ‘59’ and ‘89’ strongly influence autodephosphorylation rate
During signal transduction, response regulators generally switch from the active to inactive
state via dephosphorylation. It is critical that the kinetics of this conversion match the
timescale of the biological process involved. In spite of extensive structural and functional
similarities, response regulators exhibit a range of more than 104-fold in
autodephosphorylation rates (Table 1). We found that two variable residues, located in close
spatial proximity to the phosphoryl group (Fig. 1), contribute substantially to this reaction
rate. Twenty different pairs of amino acids at positions ‘59’ and ‘89’ tested in the CheY and/
or Spo0F response regulators resulted in sets of proteins spanning ∼100-fold ranges of
autodephosphorylation rates for each response regulator (Tables 2 and 3). Although the 20
different pairs examined here comprise only 5% of the 400 mathematically possible
combinations, amino acids do not occur at equal frequencies at positions ‘59’ and ‘89’ in
response regulators. The tested combinations actually occur in 24% of the entries in a
database of 6,310 non-redundant response regulators (Pers. Comm., Kristin Wuichet & Igor
Zhulin), and therefore reflect a significant fraction of the ‘59’/‘89’ pairs found in nature.
Substitutions tested in CheY, which has a relatively fast autodephosphorylation rate, resulted
in modest rate increases or larger rate decreases. Many tested substitutions in Spo0F, which
has a relatively slow autodephosphorylation rate, resulted in considerable rate
enhancements. No substitutions that retard Spo0F autodephosphorylation were observed
among the limited test set, although response regulators with slower autodephosphorylation
rates do exist (Table 1).
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Location of β4/α4 loop explains the non-interactive tendencies of positions ‘59’ and ‘89’
observed in Spo0F mutants
Comparison of autodephosphorylation rates in proteins bearing single or double amino acid
substitutions suggest that CheY positions 59 and 89 influence one another whereas Spo0F
positions ‘59’ and ‘89’ do not (Table 4). The interactive effects (or lack thereof) between
positions ‘59’ and ‘89’ on autodephosphorylation rates may arise from differences in the
distances between the ‘59’ and ‘89’ sidechains in CheY and Spo0F. Structures of CheY and
several other response regulators in the phosphorylated (or BeF3- bound) versus
unphosphorylated state show a substantial (>4 Å) movement of the β4/α4 loop, which
contains position ‘89’, toward the active site. The shift is accompanied by a change in the
‘89’ side chain from an outward to an inward orientation, thereby considerably decreasing
the distance between residues ‘59’ and ‘89’ (Bachhawat et al., 2005;Birck et al.,
1999;Hastings et al., 2003;Lee et al., 2001). Although the sidechains at positions 59 and 89
are ∼5 Å apart in wildtype CheY·BeF3- (Lee et al., 2001), in CheY 59NR·BeF3- a salt bridge
exists between Arg59 and Glu89 (Silversmith et al., 2003), which suggests that, at least for
CheY derivatives, the amino acids present at positions 59 and 89 determines whether an
interaction occurs. Similarly, in the PhoB·BeF3- (Bachhawat et al., 2005), ArcA·BeF3-
(Toro-Roman et al., 2005), Spo0A·PO32- (Lewis et al., 1999), DctD·BeF3- (Park et al.,
2002), and FixJ·PO32- (Birck et al., 1999) structures, the sidechains of positions ‘59’ and
‘89’ are in close proximity (<4 Å) (Fig. 3), suggesting that interactions between these two
positions commonly occur in phosphorylated receiver domains. In contrast, the β4/α4 loop is
in a different position in Spo0F·BeF3- structures (Gardino et al., 2003;Varughese et al.,
2006), thereby maintaining the outward orientation of residue ‘89’, which in turn results in a
separation of >8Å between positions ‘59’ and ‘89’ (Fig. 3). The ability of position ‘89’ to
influence Spo0F autodephosphorylation rate in spite of its distance from the phosphoryl
group suggests an indirect interaction. One possibility is that position ‘89’ may alter the
mobility of the β4/α4 loop in Spo0F (Feher and Cavanagh, 1999) and thereby affect the
location of other sidechains such as Glu‘91’, which projects into the same space as position
‘89’ of CheY. The potential role of position ‘91’ in Spo0F autodephosphorylation has not
yet been investigated.
Position ‘14’ does not appear to influence autodephosphorylation rate
The apparent correlation between the amino acids at position ‘14’ and
autodephosphorylation rate in Table 1 made position ‘14’ a plausible candidate as an
additional factor that influences response regulator phosphoryl group stability. However, the
amino acid substitutions tested at position ‘14’ had little actual effect on rate (Tables 2 and
3, Table S1). This apparent discrepancy may arise from the high specificity that response
regulators show toward their paired sensor kinases, with little cross talk from other kinases
(Skerker et al., 2005;Yamamoto et al., 2005). There is structural evidence suggesting that
position ‘14’ is important for response regulator interaction with paired kinases. Although
high-resolution structural details of the interaction between response regulators and histidine
phosphorylation sites are not available for sensor kinases, presumably similar interactions
with histidine phosphotransferase proteins have been described. For example, Gln‘14’ of
Spo0F (Varughese et al., 2006) forms a hydrogen bond with Spo0B, a dimeric
phosphotransferase whose structure resembles that of histidine kinases. Furthermore,
Asn‘14’ of SLN1 (Xu et al., 2003) forms a hydrogen bond with the monomeric
phosphotransferase YPD1. In all three types of proteins (dimeric sensor kinases, dimeric
histidine phosphotransferases, and monomeric histidine phosphotransferases), the histidine
phosphorylation site is located on a four-helix bundle. If the hydrogen bond interactions
observed between response regulators and phosphotransferase proteins also occur between
response regulators and sensor kinases, then it may account for the prevalence of Asn, Asp,
Gln, Glu, and His residues at position ‘14’ in transcriptional response regulators (Table 1).
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On the other hand, chemotaxis sensor kinases display a distinct organization from
transcriptional sensor kinases (Dutta et al., 1999;Grebe and Stock, 1999). Therefore, the
different sets of amino acids observed at position ‘14’ in chemotaxis response regulators,
which cluster with the fast autodephosphorylation rates, versus transcriptional response
regulators, which cluster with the slow autodephosphorylation rates, may simply reflect
differences in interactions with their paired sensor kinases.
Exploiting the rules of response regulator autodephosphorylation
Construction of constitutively active or dominant negative small GTPases, based on
knowledge of key positions applicable to most family members, has found widespread
utility in dissecting signaling networks (Campbell et al., 2005). Similarly, if there are simple
rules for how variable residues control autodephosphorylation rate, then this information
could be used to manipulate the phosphoryl group stability of any response regulator via
site-directed mutagenesis, which might be a useful tool for the in vivo investigation of two-
component signaling systems. Although the absolute magnitude of autodephosphorylation
rate associated with a particular substitution depends on the context of other active site
residues and the response regulator backbone, the relative impact of a specific amino acid
was fairly consistent. Therefore, the experimental data reported here could be used to make
preliminary predictions about the consequences of certain amino acid substitutions.
Comparing the rates of mutants with ‘89’ substitutions in the context of a fixed amino acid
at ‘59’ (Table S2) yields a consensus order for autodephosphorylation rate from fastest to
slowest of Glu > Leu,Lys > Arg,His > Tyr and is consistent for both CheY and Spo0F even
though residue 89 occupies different spatial positions in the crystal structures of these two
response regulators (Fig. 3). The order of residues at position ‘59’ is less evident, because all
CheY single substitutions tested at this position had little effect on rate. However, by
comparing the consequences of residues at ‘59’ while keeping a fixed residue at ‘89’ (Table
S3), a rank of Glu > Asn > Met, Lys was revealed. Finally, there are six examples of the
same ‘59’/‘89’ combinations in both CheY and Spo0F. Five of the six exhibit the same rank
order in autodephosphorylation rate: ‘59’N-‘89’E, ‘59’N-‘89’L > ‘59’N-‘89’H, 59‘N’-‘89’Y
> ‘59’K-‘89’Y (Table S4).
The utility of manipulating response regulator autodephosphorylation rates for in vivo
studies will depend on whether alteration of positions ‘59’ and ‘89’ affects other functions
of the particular response regulator that has been modified, including interaction with other
proteins in the signaling network. Changing positions ‘59’ or ‘89’ appears to affect response
regulator function in some cases and not in others: First, with regard to sensor kinases,
positions ‘59’ and ‘89’ are hypothesized to be among the response regulator residues
important for specific recognition of a paired sensor kinase (Hoch and Varughese, 2001; Li
et al., 2003). We observed little or no impairment of phosphotransfer from CheA-P or KinA-
P to mutant CheY or Spo0F proteins in vitro (see Experimental procedures), but our assay
method was relatively insensitive to phosphotransfer kinetics. Second, with regard to output
proteins, many CheY mutants with single substitutions at positions 59 or 89 can be
phosphorylated and interact productively with the FliM flagellar switch protein in vivo, as
inferred from ability to support clockwise flagellar rotation (Silversmith et al., 2001;
Silversmith et al., 2003) (data not shown). However, the five CheY mutants in this study
with substitutions at both positions 59 and 89 showed predominantly counterclockwise
flagellar rotation (data not shown), consistent with reduced phosphorylation and/or function.
Several Spo0F mutants with substitutions at positions ‘59’ or ‘89’ efficiently exchange
phosphoryl groups with the downstream protein Spo0B in vitro (Tzeng and Hoch, 1997;
Zapf et al., 1998). However, Ala substitutions at position ‘59’ or ‘89’ of Spo0F prevent
sporulation in vivo, a defect that has been attributed to reduced phosphorylation by KinA
(Tzeng and Hoch, 1997; Zapf et al., 1998). Third, with regard to phosphatases, changing
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CheY Glu89 prevents CheZ-stimulated dephosphorylation, but not binding to CheZ
(Silversmith et al., 2001; Silversmith et al., 2003). In Spo0F, Ala substitutions at positions
‘59’ or ‘89’ reduce RapB-mediated stimulation of dephosphorylation five to 10-fold
compared to wildtype (Tzeng et al., 1998). If positions ‘59’ and ‘89’ are important for
phosphatase-stimulated dephosphorylation of other response regulators, then alteration of
these residues could be a useful strategy to increase response regulator phosphorylation in
vivo for those systems that include phosphatases. In summary, our study suggests candidates
for engineering altered autodephosphorylation rates, but their practical utility will have to be
evaluated on a case-by-case basis.
The findings of this study have further potential application. There has been substantial
interest recently in engineering bacterial regulatory networks with particular properties,
essentially creating programmable cellular behavior in which a specific input results in a
desired output (Anderson et al., 2006; Kaern et al., 2003; Kobayashi et al., 2004; Voigt,
2006). A biosensor circuit can be envisioned in which an unstable output is mediated by
response regulator activation. The availability of interchangeable receiver domain modules
with a range of different characteristic phosphoryl group half-lives would facilitate
construction of circuits with outputs of different duration following a given stimulus. In
order for autodephosphorylation to control signal decay, the circuit would not contain a
separate phosphatase. Our studies suggest mutants can be found that will interact sufficiently
well with a sensor kinase and output protein to create a functioning circuit.
Finally, it is simple with current technology to identify genes encoding response regulators.
However, it is often difficult or impossible to ascertain through bioinformatic means the
specific output that is controlled by a particular response regulator. Complete elucidation of
the features that control response regulator autodephosphorylation rate may make it possible
to infer the timescale (seconds, minutes, or hours) of signal transduction (and hence the
timescale of the controlled biological process) from response regulator amino acid sequence
alone. In turn, such a predictive capability would permit exploration of the sensory capacity
of an organism in relation to its ecological niche or physiological characteristics (e.g. does a
slow-growing species process information at a slow rate?).
Factors other than positions ‘59’ and ‘89’ must contribute to phosphoryl group stability
Comparisons of autodephosphorylation rates between CheY or Spo0F mutant proteins
created in this study and response regulators with matching amino acids at positions ‘59’
and ‘89’ showed some cases of remarkably good agreement (e.g. less than two-fold rate
difference between E. coli CheY 59NE-89EH and R. sphaeroides CheB1) (Table S5). At the
other extreme, there was a 160-fold difference between the autodephosphorylation rates of
T. maritima DrrA and the matched E. coli CheY 59NM-89EK mutant. Such discrepancies
suggest that the amino acid combinations at positions ‘59’ and ‘89’ do not solely account for
the intrinsic dephosphorylation rate of response regulators. The data in Table 1 suggest the
potential contributions of position ‘88’ are another obvious area for future investigation.
However, many of the rate discrepancies noted in Table S5 exist between response
regulators that are also matched at position ‘88’. Therefore, other as yet unidentified factors
that influence autodephosphorylation rate must exist.
Some differences in rate may plausibly be attributed to differences in the positioning of
residues ‘59’ and ‘89’ with respect to the active site. One example is His‘89’, which has
been proposed to affect phosphoryl group stability by sterically inhibiting access of the
nucleophilic water molecule in FixJ (Birck et al., 1999) (Fig. 3B), or possibly serving as a
base to activate the water molecule in NtrC (Hastings et al., 2003). Similarly, the different
spatial orientations of position ‘89’ observed in CheY·BeF3- (Lee et al., 2001) and
Spo0F·BeF3- (Gardino et al., 2003; Varughese et al., 2006) (Fig. 3) may explain the range in
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rates (three-fold to 22-fold) observed for the nine pairs of CheY and Spo0F proteins with
matched amino acids at positions ‘59’ and ‘89’ (Table S5). In contrast, no such obvious
differences in structure are observed between CheY·BeF3- (Lee et al., 2001), ArcA·BeF3-
(Toro-Roman et al., 2005), and PhoB·BeF3- (Bachhawat et al., 2005) (Fig. 3A), yet CheY
mutants autodephosphorylate over 100 times and over 10 times faster than the respective
ArcA and PhoB proteins they were designed to mimic (Table S5). However, subtle
differences between response regulator structures that alter the precise geometry of active
site side chains or backbone amides could conceivably affect the energetics of interactions
with the phosphoryl group in the transition state and hence translate into a large effect on
reaction rates. The eventual ability to predict absolute dephosphorylation rate, rather than
relative rate, would enhance the potential applications described above.
Experimental procedures
Bacterial strains, plasmids and mutant construction
Construction of cheY mutations encoding 59ND, 59NE, 59NK, 89EH, and 89EK
substitutions have been described previously (Silversmith et al., 2001; Silversmith et al.,
2003). The cheY89EL mutation was created as described for cheY89EH but was not
previously reported. New mutants were created by Stratagene® Quick-Change site directed
mutagenesis kit in a pRBB40 derivative, pRS3, containing wildtype cheY and cheZ (Boesch
et al., 2000).
Spo0F mutants were created as described above for CheY. The template, supplied by J.
Cavanagh, was a pET28a(+) (Novagen®) vector containing spo0F cloned into the NdeI and
BamHI restriction sites to create an N-terminal His6 tag with a thrombin cleavage site.
M. Perego supplied a plasmid containing full length B. subtilis kinA cloned from a NcoI-
XhoI PCR fragment into pET28a(+), with two codons added to the XhoI site to create an in-
frame C-terminal His6 tag.
Protein purification
CheY wildtype and mutant proteins were purified using a published method (Hess et al.,
1991), starting from E. coli ΔcheY strain KO641recA containing the appropriate plasmid.
CheA was purified from strain KO685/pDV4 as described (Hess et al., 1991) with the
addition of an ion exchange step. After Affi-Gel Blue (Bio-Rad®) affinity chromatography,
fractions containing CheA were applied to a HiTrap Q Fast Flow column (GE Healthcare®)
equilibrated with TEDG-10 buffer [50 mM Tris-HCl pH 7.5, 0.5 mM EDTA, 2 mM DTT
and 10% (v/v) glycerol] and eluted with a gradient of 0-500 mM NaCl in TEDG-10.
Appropriate fractions were collected and then applied to a Superose 12 (GE Healthcare ®)
FPLC gel filtration column. Protein concentrations were calculated using an empirically
determined extinction coefficient of 0.727 (mg/ml)-1 cm-1 for CheY (Silversmith et al.,
2001) or 0.223 (mg/ml)-1 cm-1 for CheA [estimated with ProtParam software (Gasteiger et
al., 2005)].
His6 tag versions of KinA, wildtype Spo0F, and Spo0F mutants were expressed and purified
from E. coli strain BL21(DE3). One liter of LB [1% (w/v) tryptone, 0.5% (w/v) yeast
extract, 1% (w/v) NaCl] containing 30 μg/ml kanamycin was inoculated with 5 ml of
overnight culture and grown to an optical density at 600 nm of 0.75. The culture was
induced with 1 mM IPTG and grown for 4 hours at 37 °C. Cells were collected by
centrifugation and resuspended in 25 ml of Lysis buffer (50 mM NaH2PO4 pH 8.0, 500 mM
NaCl, 5 mM imidazole, 5 mM β-mercaptoethanol). The cells were disrupted by sonication
and cellular debris was removed by centrifugation. The supernatant was then subjected to
nickel column chromatography (Ni-NTA Agarose, Qiagen®) in accordance with
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manufacturer’s instructions. Protein was eluted in a stepwise fashion with 50, 100 and 150
mM imidizole, and the appropriate fractions were combined and concentrated. For KinA, the
combined fractions were dialyzed into 50 mM Tris-HCl pH 8.0, 20 mM KCl and 1 mM
dithiothreitol and then were chromatographed on a Superose 12 (GE Healthcare ®) size
exclusion column in the same buffer. The final KinA concentration was determined based
on an estimated extinction coefficient at 280 nm of 0.662 (mg/ml)-1 cm-1. After nickel
affinity purification, the His6 tag was removed from all Spo0F proteins by the addition of
0.01 U thrombin (Novagen®) per 10 μg protein and allowed to incubate at 25 °C for 18
hours. This leaves three extra residues (Gly-Ser-His) on the N-terminus of Spo0F. The
cleavage reaction was stopped by the addition of Sigma® protease inhibitor cocktail at 40 μl
cocktail per 1 ml protein solution. Spo0F was separated from thrombin and the His6 tag
peptide on a Superose 12 (GE Healthcare®) size exclusion column in MES buffer (50 mM
MES pH 6.6, 100 mM NaCl, 0.5 mM EDTA). The final Spo0F concentration was
determined using an estimated extinction coefficient at 280 nm of 0.360 (mg/ml)-1 cm-1.
Dephosphorylation assays
[32P]CheA-P and [32P]KinA-P were prepared as previously described for CheA-P
(Silversmith et al., 1997). Briefly, 170 μg of kinase (CheA or KinA) was incubated for one
hour with ∼600 μCi [γ-32P]ATP (GE Healthcare ®), 35 mM KCl, 3.5 mM MgCl2, and 35
mM Tris (pH 8.0). Residual ATP was separated from the [32P]kinase by ammonium sulfate
precipitation, followed by gel filtration.
Reactions to measure CheY autodephosphorylation kinetics were described previously
(Silversmith et al., 1997). Briefly, a molar excess of CheY (400 pmol) was added to
approximately 28 pmol [32P]CheA-P in reaction buffer (100 mM Tris-HCl pH 7.5, 10 mM
MgCl2) in a total of 80 μl. For wildtype and all CheY mutant proteins, phosphotransfer was
completed within 10 seconds of mixing with [32P]CheA-P. A small amount (∼4%) of the
initial [32P]CheA-P remained throughout the time course and never transferred to CheY, as
previously observed (Stewart, 1997). Because there was no ATP present to regenerate
CheA-P and all 32P transferred to CheY at once, the subsequent decline in [32P]CheY-P
directly reflects the CheY autodephosphorylation rate. Aliquots (10 μl) of the reaction were
removed at six different time points and quenched with 10 μl of 2x SDS sample buffer to
stop the reaction. Samples were electrophoresed on 18% Tris-glycine polyacrylamide gels
and dried. Relative CheY-P concentrations for each time point were measured by
phosphorimaging, converted to a percentage of the initial concentration, and graphed against
time. All CheY mutant proteins displayed autodephosphorylation kinetics that fit well to a
single exponential decay, as calculated with Excel software to determine the rate constant.
Spo0F autodephosphorylation assays were conducted similarly to CheY assays except
[32P]KinA-P was used rather than [32P]CheA-P, four nmol of Spo0F were used in an
attempt to ensure complete and rapid phosphotransfer from KinA to Spo0F, and the reaction
buffer contained 20 mM MgCl2 (Grimshaw et al., 1998). An average of ∼75% of radiolabel
from [32P]KinA-P transferred to Spo0F within 10 seconds of mixing for wildtype and all but
three mutant Spo0F proteins. The residual [32P]KinA-P decayed at an average rate of 0.0251
± 0.0119 min-1, whereas an independent experiment without Spo0F displayed a loss of
[32P]KinA-P at an experimentally indistinguishable rate of 0.0195 min-1. Because decay of
the residual [32P]KinA-P was not affected by Spo0F, phosphotransfer from [32P]KinA-P to
Spo0F was at or near completion by the first time point, and ∼25% of [32P]KinA-P was
incapable of transferring phosphoryl groups even with a 140 fold molar excess of Spo0F.
Three Spo0F mutant proteins (‘59’KE-‘89’YL, ‘59’KN-‘89’YE, ‘59’KN-‘89’YL) exhibited
somewhat lower initial phosphotransfer (68%, 68% and 61%, respectively). A minor
correction was applied to calculation of autodephosphorylation rates for these three mutants,
based on the slightly less than expected phosphotransfer.
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Wildtype Spo0F demonstrated a slow autodephosphorylation rate (t1/2 ∼ 3 hours). It was
necessary to correct for spontaneous dephosphorylation of denatured Spo0F in sample
buffer, because samples from early time points remained in sample buffer longer than late
time points prior to electrophoresis, and therefore lost more Spo0F-P due to spontaneous
dephosphorylation. To determine the dephosphorylation rate of denatured Spo0F, 3.5 pmol
[32P]KinA-P was added at various times to 50 pmol wildtype Spo0F in reaction buffer in a
total volume of 10 μl. After a five minute incubation (to allow complete phosphotransfer),
each reaction was quenched with an equal volume of SDS sample buffer and then allowed to
incubate at 25°C for 0, 4, 8, 12, 20, 24 or 30 hours. Initiation of the reactions was arranged
so that all incubations finished at the same time, at which point the samples were
electrophoresed simultaneously on a SDS gel. Analysis of the amount of radioactivity in
Spo0F was carried out as described above and gave the dephosphorylation rate constant for
denatured Spo0F-P as 0.0014 min-1. The autodephosphorylation rate constant for Spo0F was
then determined by adding the experimental rate constant from the autodephosphorylation
reactions to the rate constant obtained for denatured Spo0F-P in sample buffer. This
correction was made for wildtype Spo0F and Spo0F ‘89’YH. For Spo0F mutants with half-
lives of less than one hour the correction was negligible and therefore not applied.
All except one of the Spo0F mutant proteins displayed autodephosphorylation kinetics that
fit well to a single exponential decay. The exception was Spo0F ‘59’KN-‘89’YH, which
demonstrated biphasic dephosphorylation kinetics. The rate constant for loss of the first 90%
of this Spo0F-P mutant was 0.17 min-1, and is the value reported for these experiments. Loss
of the remaining 10% occurred at a rate constant of 0.0075 min-1. The basis for the biphasic
decay is unknown.
Structure superimpositions
The Cα carbon atoms of PhoB·BeF3- (pdb 1ZES) (Bachhawat et al., 2005), ArcA·BeF3- (pdb
1XHF) (Toro-Roman et al., 2005), Spo0A·PO32- (pdb 1QMP) (Lewis et al., 1999),
DctD·BeF3- (pdb 1L5Y) (Park et al., 2002), FixJ·PO32- (pdb 1D5W) (Birck et al., 1999),
and Spo0F·BeF3- (pdb 2FTK) (Varughese et al., 2006) were superimposed to the Cα atoms
of CheY·BeF3- (pdb 1FQW) (Lee et al., 2001) using the PyMOL® (DeLano, 2002) align
function, with RMS values for each structure aligned to CheY of 0.913, 1.004, 1.326, 1.134,
1.591, and 1.477 Å, respectively.
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Receiver domain active site structure. E. coli CheY bound to the phosphoryl group analog
BeF3- (orange) and Mn2+ (magenta) is shown (pdb 1FQW) (Lee et al., 2001). Conserved
active site residues, green; variable active site residues tested experimentally, red; variable
active site residues not tested in this work, blue. Figure created using PyMOL (DeLano,
2002).
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Response regulator autodephosphorylation rate constants. Note logarithmic scale. Column 1
shows wildtype values from Table 1: chemotaxis proteins (CheB or CheY) from various
species, blue diamonds; E. coli CheY, red circle; transcriptional regulators, green triangles;
B. subtilis Spo0F, black square. The rate constant for spontaneous dephosphorylation of the
model acyl phosphate compound acetyl phosphate (Goudreau et al., 1998) is shown as a
magenta bar for comparison. Each solid circle or square in columns 2-4 respectively
represents a mutant CheY (red circle) or Spo0F (black square) protein from this study with
an amino acid substitution at position ‘59’ (column 2), ‘89’ (column 3) or both (column 4).
Open circles or squares represent previously published mutant proteins cited in the text.
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Orientations of residues at positions ‘59’ and ‘89’ in various activated receiver domain
structures. Sections of superimposed backbones are displayed for (A) CheY·BeF3- (blue),
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Spo0F·BeF3- (green), PhoB·BeF3- (magenta), ArcA·BeF3- (grey), and Spo0A·PO32- (orange)
and (B) CheY·BeF3- (blue), Spo0F·BeF3- (green), DctD·BeF3- (yellow), FixJ·PO32- (purple).
For clarity, only the β1-α1, β3-α3, and β4-α4 loops surrounding the BeF3-/PO32- group (red)
are shown. Sidechains are shown for position ‘59’, located at the C-terminal end of β3, and
position ‘89’, on the β4-α4 loop. Note that the distance between positions ‘59’ and ‘89’ in
Spo0F is greater than the ∼4 Å distance observed in other receiver domains (distances not
shown). The specific software, method of superimposition, literature references, and pdb
files used to create this figure are described in Experimental procedures.
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Table 4
Additive or non-additive effects of positions ‘59’ and ‘89’ on autodephosphorylation rate
Response Regulator Substitutions Expected Valuea Actual Valueb Absolute Value of Difference
CheY 59D-89L 0.15 -0.64 0.79
59E-89H -0.40 -0.70 0.30
59M-89R -0.29 -1.42 1.13
59M-89K -0.05 -1.51 1.46
59K-89Y -0.90 -1.61 0.71
Spo0F ‘59’E-‘89’L 2.37 2.03 0.34
‘59’N-‘89’E 2.28 2.03 0.25
‘59’N-‘89’H 1.49 1.64 0.15
‘59’N-‘89’L 1.96 1.93 0.03
a
Expected value for no interaction = log10(‘59’ single substitution rate constant/wildtype rate constant) + log10(‘89’ single substitution rate
constant/wildtype rate constant). Rate constants from Tables 2 and 3.
b
Actual value = log10(double substitution rate constant/wildtype rate constant)
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